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As hybrid and electric vehicles continue to evolve there is a need for better battery 
thermal management systems (BTMS), which maintain uniformity of operating 
temperature of the batteries in the vehicles.  This thesis investigates the use of an 
indirect liquid cooled system, which can be applied to hybrid and electric vehicles.  
The design is modeled as part of the UOIT EcoCAR.  The predominant focus of this 
indirect liquid cooled system is the entropy generation in each of the components 
within the system, as well as a total system analysis.  Four main components of the 
system are the battery module, heat exchanger, pump, and throttle. The battery 
module coolant tubes and the entire heat exchanger model are developed.  Various 
parameters are changed in each component, leading to a decrease in entropy 
generation depending on the variable changed. Of the four components identified, the 
heat exchanger produced the majority of entropy generation, which leads to an overall 
increase in system entropy generation.  There are many factors to consider when 
designing a liquid cooled BTMS.  The new model shows a unique ability to improve 
system performance by reducing the entropy generation in the BTMS. 
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CHAPTER 1 -  INTRODUCTION 
1.1  Overview 
The world relies heavily on fossil fuels to meet its power demands, from electricity 
production to the many types of transportation.  The fuel used in the majority of 
vehicles is a product of oil, which accounts for approximately 34.4% of the world’s 
total energy consumption [1].  The burning of petroleum based fuels over the past few 
decades has led to a growing number of problems for the planet, most noticeably the 
effects on air quality around the world, and global warming.  Burning of fossil fuels 
contributes to the release of harmful gases, such as carbon monoxide (CO), carbon 
dioxide (CO2), sulfur oxides (SOx) and nitrous oxides (NOx) into the atmosphere, 
which have an adverse impact on human health.  The Environmental Protection 
Agency (EPA) has shown that air pollution can lead to adverse health effects such as 
respiratory problems, nervous system complications, cancer, and premature death [2]. 
Global warming is the result of accumulated greenhouse gases in the 
atmosphere, which raises the Earth’s overall temperature.  The effects of global 
warming are observed through the melting of the polar ice caps, rising sea level, and 
different seasonal climate compared to previous years.  The main way to reduce the 
effects of global warming would be to decrease the amount of fossil fuels used. 
A related problem is a depletion of oil reserves, which leads to “Peak Oil”, 
where consumption outruns the rate of reserves new oil discovery.  Peak Oil has the 
potential to create a severe liquid fuel problem for the transportation industry [3], 
amidst a higher demand for fuels which increases fuel prices [3].  Due to global 
climate change and potential oil shortages, world organizations and leaders are 
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coming together to create a plan on how to cope with these issues.  The transportation 
arena is a key industry in these discussions.  This has led to an increased focus on 
conservation of energy and “green” technologies in the automotive and transportation 
fields.   
Lowering the emissions from automobiles, and increasing vehicular fuel 
efficiency, are some of the ways the automotive industry can reduce the harmful 
impact on air quality and oil consumption.  Technology advancement rate for the 
internal combustion engine (ICE) may have peaked, but there is no other propulsion 
system available at this time to completely replace the ICE.  A new system needs to 
be designed that not only is more efficient than the ICE, but must also meet or exceed 
the capabilities of the current ICE.  There are alternative propulsion systems being 
developed, namely electric vehicles (EV) and fuel cell vehicles (FCV), which are 
generating more interest due to the demand for greener technology.   Hybrid electric 
vehicles (HEV) have already been on the market for a number of years.  They have 
been proven to get better fuel economy than a conventional ICE, however, there is 
still much room for improvement in HEVs.  The knowledge gained from HEVs can 
also lead to better EV designs.  
At this time, EVs are further along in the development stage than fuel cells, 
with some vehicles ready to be released to the public.  EVs have the potential to 
slowly replace the ICE over time, or until more advanced technology and 
infrastructure are developed for fuel cell vehicles.  In order for EVs to be accepted in 
the consumer market, the vehicle must offer the same capabilities and performance as 
conventional vehicles, while proving to be a reliable mode of transportation.  With 
new technology, reliability cannot be measured in one to two years; it must be proven 
over many years.  This means that before EVs are released to the market, more 
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investment in research and development must be made to ensure that these vehicles 
operate as designed.  Otherwise, negative public acceptance could keep the 
technology from required growth.   As with all new technology there will be a 
learning process for EVs, which improves on the initial design over time, and 
engineering research will advance the technology.  Creating new vehicles that break 
the conventional mould must have proper design methodology in place.  This ensures 
development for the next generation vehicles which builds upon the successes, and 
learns from the failures and shortcomings of the past.   
 
1.2 Background 
In the automotive market, there is currently no system that can completely replace the 
ICE.  There is ongoing development of hybrid electric and full electric systems that 
are available to the public, however, the volume of vehicles produced is not high 
compared to conventional engines.  There are advantages and disadvantages to each 
system, which will be explained in further detail later.  When designing either of these 
systems, an analysis of the entropy generation can help identify areas of a system that 
should be improved, which in turn can lead to a more efficient system.  The benefits 
of analyzing entropy generation will also be discussed later in this chapter. 
 
1.2.1 Hybrid Vehicles 
Hybrid vehicles are not entirely new, but in the past few years, they have generated 
increasing interest due to the green technology shift.  Hybrids are typically called 
Hybrid Electric Vehicles (HEVs) because of their vehicle architecture. They operate 
with an electric motor and battery module, which helps to increase the fuel economy 
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[3] in addition to the ICE in the vehicle [4].  With the addition of the electric motor, 
the ICE is able to operate more efficiently.  At lower speeds and loads, the vehicle is 
actually powered by electricity from the battery cells, rather than the ICE [4].  The 
battery module is comprised of many individual batteries which are not the typical 
lead acid variety used to start up ICEs.  Batteries commonly used in current HEVs are 
either nickel metal hydride (NiMH) or lithium ion (LiIon).  When the vehicle is 
driving, the ICE is typically used to propel the wheels when the battery power is not 
enough, or it turns a generator to recharge the battery [4].  The battery is also charged 
through a process called regenerative braking.  Instead of loosing energy through the 
braking system in the form of heat, the kinetic energy is used by the electrical 
motor/generator to recharge the battery module. 
  Comparing HEVs and convention vehicles in the small car segment, typically 
fewer fill-ups are required and the ICE in the HEVs operates more efficiently overall.  
The average fuel economy for small HEVs is around 50 miles per gallon (MPG) or 
4.7 L/100km of fuel [4]; about 35% efficiency compared to conventional vehicles.  
This also provides about six times the range of fully electric vehicles available in the 
market [4].  In terms of emissions, HEVs emit fewer tailpipe pollutants, mainly due to 
their electric powertrains and efficient ICEs.  In conventional vehicles, ICEs are 
designed to generate maximum power requirements (i.e., climbing high grades or 
acceleration). HEVs on the other hand, use smaller engines which are lighter, cleaner 
and designed for efficient operation, while meeting average power needs; since the 
batteries provide the extra power when needed [4].   
The United States Department of Energy states [4]: “So far, five‑year 
maintenance costs for HEVs have been lower than those for conventional vehicles. A 
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great deal of progress has been made in improving the batteries so they will last for a 
vehicle lifetime of 150,000 miles or more. The main disadvantage of HEVs is their 
purchase price. To be commercially viable, hybrids should make up for their extra 
upfront cost in fuel savings over three years; manufacturers are working toward this 
goal. Quite a few HEVs are on the market today: Toyota, Honda, Nissan, Ford, 
General Motors offer small, mid-size, and sport utility vehicle (SUV) models. Some 
buses and trucks combine diesel and electric technologies.”  Table 1.1 shows some 
additional advantages and disadvantages of HEVs [4]. 
 
Table 1.1 - Advantages and Disadvantages of HEVs [4] 
Advantages of HEVs Disadvantages of HEVs 
• Uses less fuel, better gas mileage, 
costs less to operate 
• Provide a quieter, better ride 
quality 
• Have more efficient engines 
• Emit fewer pollutants 
• Emit fewer greenhouse gases that 
contribute to global warming 
• Reduce dependency on foreign oil 
• Initial purchase price is higher 
• Expensive batteries that may not 
last the life of the vehicle 
• Potential safety risk due to the 
battery pack (high voltage poses 
risk to mechanics and safety 
workers) 
• Creates hazardous waste (batteries 
need to be disposed in an 
environmentally friendly manner) 
 
 
1.2.1.1 Series HEV Architecture 
A series HEV architecture means that the ICE does not directly connect to the driving 
wheels.  Instead, the ICE turns a generator which drives the wheels or recharges the 
battery module.  Figure 1.1-1.4 [5] shows schematics of a series hybrid architecture in 




Figure 1.1 - Series hybrid architecture in cruising mode [5] 
 
 





Figure 1.3 - Series hybrid architecture while charging the batteries [5] 
 
 
Figure 1.4 - Series hybrid architecture with regenerative braking [5] 
 
As seen in Figure 1.1, the ICE turns a generator which is linked to the electric 
motor/generator (M/G), which then turns the wheels.  The battery module in this case 
is not operating, but it would connect to the power electronics, then the M/G for 
added power assist when needed as shown in Figures 1.2.  Figure 1.3 and 1.4 show 
how the battery module is charged, either from the ICE or the braking system.   
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1.2.1.2 Parallel HEV Architecture 
In a parallel hybrid architecture, the ICE is attached to a transmission which directly 
powers the driving wheels.  The battery module also supplies power to the driving 
wheels.  Figures 1.5-1.8 [5] show schematics of various operating conditions for an 
HEV parallel architecture. 
 
Figure 1.5 - Parallel architecture under normal cruising conditions [5] 
 
  





Figure 1.7 - Fully electric mode [5] 
 
 
Figure 1.8 - Parallel regenerative braking [5] 
 
From Figures 1.5-1.8, it can be seen that the main difference between the 
parallel and series systems is the addition of a transmission, clutches and a three way 
gear box, which add complexity and are a disadvantage to the parallel setup.  
However, the ability for parallel HEVs to operate with only the ICE, or electric only, 
or both simultaneously, is a key advantage to the architecture.  In addition to the extra 
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components, the ICE can’t be controlled solely along the most efficient operation line 
as with a series setup, which leads to higher emissions. 
 
1.2.2 Electric Vehicles  
Electric vehicles have been around since the early 1900’s.  In the year 1900, out of the 
4,200 vehicles sold, 40% were steam powered, 38% were electric, and 22% were 
gasoline [6].  However, EVs have had varying degrees of interest since inception.  
With the whole world focusing on greener and cleaner modes of transportation 
because of air pollution and global warming, EVs are re-gaining more attention in the 
21
st
 century.  While an HEV can help improve overall fuel economy and lower 
emissions, an EV completely eliminates the ICE and fuel tank, and replaces it with an 
electric motor/generator and battery module.  This means that EVs are zero emission 
vehicles [at the tailpipe] and the batteries are charged by plugging the vehicle into a 
standard wall outlet, or a specifically designed charging station.  The ICE has been the 
dominant propulsion system due to the fuel, which has a greater energy density than 
any battery.  But with advancing battery technology in the 21
st
 century, EVs are 






Figure 1.9 - Simplified illustration of EV drivetrain [7] 
 
 
There are several EV configurations due to the difference in propulsion 
characteristics and energy sources.  Some of the potential configurations are outlined 
below [7], with reference figures in Figure 1.10 [7]: 
a) The ICE is replaced by an electric propulsion system. 
Components include an electric motor, clutch, gearbox and a 
differential unit.  The gearbox helps to maintain given load and 
speed requirements.  The differential unit is the same as a 
conventional vehicle and enables the wheels to be driven at 
different speeds when the vehicle runs along a curved path. 
b) The multispeed gearbox can be replaced in this system when an 
electric motor with a wide speed range is used.  This means that 
the gearing is fixed at one ratio, and there is no need for a 




c) This is a similar setup to b) with the electric motor, fixed 
gearing, and differential.  However, it is mounted transversely, 
which simplifies and compacts the design further.  
d) The differential is removed and replaced by a motor and fixed 
gearing at each wheel.  Each wheel can operate at a different 
speed when negotiating turns. 
e) The drive train is further simplified by putting the motor in the 
wheel. This arrangement is called a “wheel-motor”. A planetary 
gear set may be employed to reduce the motor speed and 
enhance the torque, allowing the motor to run at high speed. 
f) The motor is directly connected to the wheels without any other 
supplementary system.  For this setup, the motors need to have 




Figure 1.10 - Various EV configurations [7] 
 
1.2.3 Battery Thermal Management 
Much like an ICE needs a cooling system, the battery modules in EVs and HEVs need 
a cooling system as well.  Battery performance influences the availability of power 
when starting or accelerating, energy, and charging characteristics [8].  Varying 
temperature affects battery life, amd has an impact on the overall fuel economy and 
operating range [8-10].  It is desired that the batteries operate at a specific 
temperature, and that temperature is dependent on the electrochemistry of the battery 
[8].  While a battery manufacturer may specify a battery operating temperature range, 
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the overall operating temperature range for a vehicle is much higher.  This is where 
thermal management of the battery system is required, either to cool or heat the 
batteries outside of the manufacturer’s specified battery temperature operating range.  
Even with a known overall temperature range, there is still a risk of uneven 
temperature distribution throughout a battery module, which can lead to unbalanced 
electrical performance [8].  To solve the issues related to battery thermal 
management, certain questions need to be considered: 
• What type (electrochemistry) of batteries will be used? 
• What temperatures will the battery module be subjected to in the vehicle? 
• How much heat needs to be rejected from the battery module? 
• What are the costs associated with the design(s)? 
• What type of cooling system will be used (air or liquid)? 
The thermal management system must also be designed to suit automotive criteria, 
which includes: 
• Lightweight, compact, reliable and cost effective; 
• Easy assembly and placed in an appropriate position in the vehicle; 
• Easy access for maintenance; 
• Low parasitic power loses; 
• Offer ventilation for potentially harmful gases emitted from the batteries. 
 
1.2.3.1 Air Cooling 
When using air to cool a battery module, it flows though the pack and heat is removed 
by forced convection.  The air system can either be classified as passive or active 
cooling.  A passive system means that only the ambient environment is used to supply 
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air, which is either from outside the vehicle, or from the air in the cabin of the vehicle, 
as shown in Figure 1.11 [8]. 
 
 
Figure 1.11 - Passive air system from outside and cabin air [8] 
 
An active system is a built-in system designed to provide heating and/or 
cooling as shown in Figure 1.12 [8]. 
 
 
Figure 1.12 - Active air system [8] 
.  
16 
Air cooled systems can be seen in HEVs currently on the market.  Figure 1.13 
is an example of a passive air cooled system in a Lexus hybrid SUV [11] inside the 
vehicle.  The fans can be seen on the right side of each battery module, which moves 
the air through the channels between each individual cell stack. 
 
 
Figure 1.13 - Air cooled system installed in a hybrid Lexus SUV [11] 
 
1.2.3.2 Liquid Cooling 
Liquid cooling of the battery module involves submerging the batteries directly in a 
liquid bath, or liquid flowing through jackets which cool the cells by way of 
conduction.  If the batteries are directly submerged into a liquid, the fluid used in this 
process must be a dielectric fluid, like mineral oil, otherwise, the indirect fluid 
requires jackets that are not electrically conductive and fluids like water/ethylene 
glycol mixtures are used [8].  Like the air cooled systems, liquid cooled systems can 




heating and cooling of a battery module, the fluid that leaves the module can be 
cooled by flowing through the automotive radiator or through the AC unit.  For 
heating, the fluid exiting the module would pass through a liquid coupled heat 
exchanger (with the other fluid being the engine coolant), which heats the fluid before 
reentering the module.  A pump is needed to circulate the fluid through the battery 
pack and a fan or pump is required on the heat exchanger/evaporator side.  A fan 
would be used with a passive system with outside air, and a pump would be required 
when there is another circulating fluid [8].   Figure 1.14 [8] is a simplified schematic 
of a liquid cooled system.  The grey box around the battery pack indicates the fluid in 
the pack (whether direct or indirect). 
 
 
Figure 1.14 - Liquid cooled battery module schematic [8] 
  
This system is more complex than an air cooled system.  An air cooled system 
may be an easier approach than liquid cooling, but it is much less capable of heat 
transfer than liquid systems.  Determining the heat transfer capabilities of a liquid 
system depends greatly on the material properties of the module wall, jacket tubing, 
and thermal properties of the fluid and flow rate.  For a direct contact liquid system, 
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the heat transfer rate for fluids, such as oil, are much higher than air due to fluid 
properties such as thermal conductivity [8].   
Fluid viscosity is higher for oil than air, which means greater pumping power 
is needed to move the fluid through the pack.  Even if the flow rate for oil is lowered, 
it still offers a 1.5 - 3 times higher heat transfer coefficient than air [8].  When using 
an indirect liquid cooling process, liquids like water and ethylene glycol have a lower 
viscosity and higher thermal conductivity, when compared with oils, which leads to 
excellent heat transfer capabilities.  But since these fluids are not in direct contact 
with the batteries, conduction through the jacket walls reduces the heat transfer 
capabilities [8].  In the current automotive market, there are no HEVs using direct 
liquid cooling for the battery module.  However, the high priced Tesla Roadster EV 
and the upcoming Chevrolet Volt extended range electric vehicle (EREV) have 
indirect liquid cooled battery modules.   
 
1.2.4 Entropy Generation 
Entropy is governed by the Second Law of Thermodynamics, which can be explained 
by two statements [12]. 
The Kevin-Planck Statement: It is impossible to construct a device that will operate in 
a cycle and produce no effect other than the raising of a weight and the exchange of 
heat with a single reservoir. 
The Clausius Statement: It is impossible to construct a device that operates in a cycle 





Entropy generation is a measure of the irreversibilities in a system, whether 
for a control mass or control volume.  Entropy is generated by friction of flowing 
fluids and heat transfer processes [13-16].  It characterizes the potential work lost in a 
system, so a reduction in entropy can lead to a better overall system [16].   
 
1.2.5 Entropy Generation Minimization 
There have been numerous studies on how to reduce the generation of entropy in flow 
systems to improve efficiency [13-15, 17-20].  Entropy Generation Minimization 
(EGM) involves the analysis of various system configurations to find an optimal 
design point.  Even if an optimal design point is found, it may not always be the best 
solution, because the optimal point may not be achievable in a practical application. 
Bejan has reported many studies in the area of entropy generation minimization, on a 
broad range of topics including fluid flow and heat transfer [21].   
 
1.2.6 Exergy 
Exergy destruction (Xdes) is equal to the entropy generation (Sgen) and surrounding 
temperature (T0).     
Xdes = (T0)(Sgen)                  (1.1) 
Like entropy generation minimization, it is used to evaluate a system’s 
performance from a thermodynamic frame of reference based on the Second Law of 
Thermodynamics [22].  To the author’s knowledge, there has not been a 
comprehensive exergy based analysis of automotive systems, although the aviation 




1.2.6.1 Scramjet Configurations 
Scramjet is an acronym for Supersonic Combustion Ramjet, which is a type of 
hypersonic air-breathing propulsion system [23].  Amati et al. [23] analyzed a fuelling 
method based upon the different aspects of various scramjet configurations.  The 
intention of such analysis was to identify an ‘‘optimal’’ configuration and an 
‘‘optimal’’ fuel, both from a thermodynamic and engineering point of view.  Optimal 
is in quotations because the term applies to an optimal configuration for a scramjet, 
under the required operation, not a universal optimal solution. Amati states that a 
‘‘system approach’’ was adopted and an analysis was performed on the scramjet 
engine, as if it was composed of several ‘‘black-boxes’’ that represent individual 
components.  The vehicle is viewed as a ‘‘Large Complex Energy System’’.   Amati 
et al. used black boxes and a large energy system shown in Figure 1.15 [23]. 
 





1.2.6.2 Aircraft Environment Control System 
Ordonaz and Bejan [24] discuss a concept called constructal design, which is the link 
between the maximization of performance and the generation of optimal architecture 
in flow systems, in engineered or natural systems.  Thermodynamic optimization is 
necessary to identify ways, both features and procedures, which allow a system to 
fulfill its functions and perform at the highest thermodynamic level possible.  On an 
aircraft, there are many systems and processes that contribute to the ultimate 
destruction of exergy supplied by the fuel.  Figure 1.16 [24] shows the distribution of 
exergy losses in the aircraft, explained by Ordonaz and Bejan. 
 
Figure 1.16 - Aircraft exergy diagram [24] 
 
For the amount of fuel used to power the aircraft, the first loss occurs during 
the combustion process. Exergy destruction is then experienced in the irreversible 
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operation of the engines due to energy conversion. The remaining exergy destruction 
occurs in the power consumed by the engine to operate all of the subsystems within 
the aircraft. The power for flight (W) is principal among all functions required to 
maintain the flight.  The destruction of W is due to the turbulent flow around the 
aircraft, to overcome air friction and supports the weight of the aircraft. The paper 
also states: “The minimization of the flying power requirement leads to a prediction 
of the optimal cruising speed, which agrees well with the observed characteristic 
speeds of insects, birds and aircraft: the optimal cruising speed is proportional to the 
mass of the flying body raised to the power 1/6. The rest of the power generated by 
the engine is destroyed in the auxiliary systems, which are numerous” [24] 
One of the larger sections of the plane contributing to exergy destruction is the 
environmental control system (ECS), which is responsible for creating and 
maintaining adequate air quality throughout the aircraft.  The ECS system is 
composed of various components.  Ordonez and Bejan investigated a way to find the 
minimum power required, while maintaining functionality, from a thermodynamic 
point of view.  To maintain the air quality within the aircraft cabin, the ECS system 
follows what is called the “bootstrap air cycle”.  The function is described as follows: 
• Air is bled from the engine compressor; 
• Air from the compressor enters a secondary compressor driven by its own 
turbine; 
• Air is processed through a crossflow heat exchanger; 
• Air flows through a turbine and into the cabin at the correct temperature. 





Figure 1.17 - Bootstrap air cycle [24] 
 
By reducing the power consumed and optimizing the components within the 
ECS system, the losses associated with the ECS are reduced when the overall exergy 
destruction for the aircraft is reduced.  Perez-Grande and Leo [25] further analyzed 
the ECS system, focusing on the minimization of weight and entropy through 
geometric optimization of the heat exchangers.  They analyzed the entire ECS system 
as a whole unit, rather than individual components.   
 
1.2.6.3 Exergy Due to Lift 
Paulus and Gaggioli [26] stated that aircraft energy systems are unique because 
exergy is required not only for the systems to operate, but it is also responsible for the 
power to lift and hold the aircraft in the sky.  For any exergy analysis to be completed, 
exergy flow diagrams must be created and with successful exergy flow diagrams, 
exergy can be used to link various systems during the design process.  Paulus and 
Gaggioli developed a model to demonstrate the importance of exergy during lift-off 
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and during coasting of a small aircraft.   The exergy flow diagram for the small 
aircraft is shown in Figure 1.18 [26]. 
 
Figure 1.18 - Exergy flow diagram [26] 
 
1.2.7 UOIT EcoCar 
EcoCAR: The NeXt Challenge is a three-year collegiate advanced vehicle technology 
engineering competition, established by the United States Department of Energy 
(DOE) and General Motors (GM).  It is managed by Argonne National Laboratory.  
There are 16 teams across North America competing to build vehicles that will help 
reduce the environmental impact in the transportation sector, by minimizing a 
vehicle’s fuel consumption and emissions, while retaining the vehicle’s performance, 
safety and consumer appeal.  Students use real-world engineering processes to design 
and integrate their advanced technology solutions into a GM-donated vehicle. 
  The 16 competing teams are tasked with designing and building advanced 
propulsion system that are based on vehicle categories from the California Air 
Resources Board (CARB) zero emissions vehicle (ZEV) regulations.  Some of the 
advanced vehicle architectures in the competition include full-function electric, range-
extended electric, hybrid, plug-in hybrid and fuel cell technologies.  Other vehicle 
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innovations are vehicle weight reduction and advanced materials, improved 
aerodynamics and alternative fuel types, such as ethanol and hydrogen. 
UOIT is the only team in the competition to design a full function electric 
vehicle.  The team is supervised by Dr. Greg Rohrauer and this thesis is based on a 
portion of the EcoCAR design.  An introduction to the vehicle being designed at 
UOIT will be briefly explained in the following section. 
 
1.2.7.1 Base Vehicle 
The base vehicle is a 2009 Saturn VUE XE, which is a front wheel drive cross-over 
vehicle designed to offer both the fuel economy of a sedan and the spatial interior of a 
SUV.  The VUE is powered by an ECOTEC 2.4L I4 engine and a  Hydra-Matic 4T45 
four-speed front wheel drive electronically controlled automatic transaxle with 
overdrive.  The 2.4 liter DOHC I4 engine is equipped with Variable Valve Timing 
(VVT) technology, which offers greater power, improved fuel efficiency and 
emissions reduction.  The ECOTEC engine is rated at 169 hp @ 6200 rpm and 161 lb-
ft @ 5100 rpm.  The UOIT team uses PSAT (Powertrain System Analysis Toolkit) 
V6.2 SP1 for the model development and model simulation.  PSAT is a well known 
for evaluating and estimating a vehicle’s performance.  The following Table 1.2 [27] 
is the drivetrain configuration as modeled in PSAT with the competition vehicle.  
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Table 1.2 - Base Saturn VUE PSAT Model [27] 
Specification Requirement 
EcoCAR Production Vue PSAT Competition 
Accel 0-60 10.6 s 11.5 s ≤14 s 
Accel 50-70 5 s 5.9 s ≤10 s 
Quarter Mile 18.7 s 19.1 s TBD 
Towing Capacity 680 kg (1500 lb) 680 kg (1500 lb) 
≥680 kg @ 3.5%, 20 min @ 
72 kph (45 mph) 





Passenger Capacity 5 5 ≥4 
Braking 60 - 0 
38 m- 43 m (123 -140 
ft) 
38 m- 43 m (123 -
140 ft) 
< 51.8 m (170 ft) 
Mass 1758 kg (3875 lb) 1743 kg (3843 lb) ≤ 2268 kg* (5000 lb) 
Starting Time ≤ 2 s ≤ 2 s ≤ 15 s 
Ground Clearance 198 mm (7.8 in) 198 mm (7.8 in) ≥178 mm (7 in) 
 
From Table 1.2, it can be seen that the PSAT model of the Saturn VUE is very 
close to the published performance data by General Motors. 
 
1.2.7.2 UOIT Electric Vehicle Background 
As previously mentioned, UOIT’s EcoCAR team proposed to build a full function 
electric vehicle.  Five OEM electric pick-up trucks, two electric buses, and a minivan 
which were built in the original CARB ZEV era, are currently at a lab facility in 
Uxbridge, Ontario.  Each of the electric vehicles has been refurbished, either by 
rebuilding the battery pack, repairing faulty controls or power electronics, chargers 
and / or mechanical elements of the drive system [28].  The experience from working 
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on this ZEV fleet has been applied to the EcoCAR competition.  UOIT is conducting 
many experiments on alternative vehicle technology, and the EcoCAR competition is 
another way to strengthen UOIT as an advanced vehicle technology leader.  One of 
the projects is application of different battery chemistries for the conversion of a 
conventional SUV into a Plug-in Hybrid.  The EcoCAR team has gained experience 
with lithium polymer batteries, while designing and building a lithium polymer pack 
and battery management system for a PHEV-60 Chrysler Pacifica.  The APS electric 
buses, for example, have 116 kWhr SAFT NiCad battery packs, and 40 KW, 3 phase 
575 volt chargers [28].  UOIT has chosen to build a full function electric vehicle and 
the team is equipped to develop an electric Saturn VUE. 
 
1.2.7.3 UOIT EcoCAR Architecture  
UOIT’s full function electric vehicle requires all pre-existing ICE mechanical and fuel 
systems to be removed so the electric motor and battery system can be implemented.  
The electric architecture is the simplest architecture to implement, because is no 
overly complex powertrain configuration and control scheme.  The final 
specifications of the electric vehicle powertrain are shown in Table 1.3 [29].  Table 
1.4 [30] is a PSAT simulation summary to show that the designed electric vehicle 
architecture will meet the requirements of the EcoCAR competition.  Figure 1.19 [28] 






Table 1.3 - Final Powertrain Configuration of UOIT EcoCAR [29] 
Components Supplier 
Motor  / Drive  (peak / continuous) Delphi S-10EV  (110 / 40) KW 
Inverter Drive 
MES-DEA TIM 600 
 80 - 450 Volts input,  236/400 A   cont/max 
Battery Kokam SLPB (Li-Poly) 
Cell Weight 4.9 kg  (pouch)  
Battery Management REAP systems, Li-BMS-14, (7 networked modules) 
Number of Cells 92 
Cell nominal voltage 3.7 V  (2.7 V Min - 4.25V Max) 
System voltage (min / nominal / max) 250 / 340 / 388 V 
Volume Packing Factor 1.2 
Available energy (100% DOD) 85 KWh (80 KWh nominally @ 95% DOD cycling) 
Cell Energy Density 190 Wh/kg 
Battery Ah 250 Ah  (typical) 
Battery Rint per cell 0.43 mΩ (typical) 
Battery Cycle Life >1500 cycles @ 100% DOD,  >3400 @ 80% DOD 
Vehicle Curb Weight 2091 kg  (lighter battery box & motor assembly) 
Frontal Area 2.641 m2 
Drag Coefficient 0.376 
Tire 235/65R16 
Tire rolling resistance 0.0068 
 
 




Figure 1.20 - Engine bay with front battery (red box) and EV1 drivetrain [28] 
 
 














Accel 0-60 10.6 s ≤14 s 13.5 s 
Accel 50-
70 




8.3 l/100 km  
(28.3 mpgge) 
7.4 l/100 km 
(32 mpgge) 




246 g/km 217 g/km 165 g/km 
Towing 
Capacity 
680 kg (1500 
lb) 
680 kg @ 3.5%, 20 
min @ 72 kph (45 
mph) 
≥680 kg @ 3.5%, 20 min 






Height: 457 mm 
(18”) 
Depth: 686 mm (27”) 




5 ≥4 5 
Braking 
60 - 0 
38 m- 43 m 
(123 -140 ft) 
< 51.8 m (170 ft) 51.8 m (170 ft) 
Mass 
1758 kg (3875 
lb) 
≤ 2268 kg* (5000 lb) 2130 kg 
Starting 
Time 
≤ 2 s ≤ 15 s ≤ 2 s 
Ground 
Clearance 
198 mm (7.8 
in) 
≥178 mm (7 in) 190 mm (7.5 in) 
Range 
(UF=.971) 
> 580 km  
(360 mi) 







1.3 Objectives of Thesis 
With electric drivetrains gaining attention as an alternate propulsion system to the 
ICE, there is extensive electric vehicle development being conducted at UOIT.  A 
UOIT team is building a full function electric vehicle for “EcoCAR the Next 
Challenge” competition.  This thesis analyzes a liquid indirect active cooling system, 
which can be implemented on the UOIT EcoCAR, or used for new EVs and HEVs 
with a focus on entropy generation to improve system performance.  The objectives of 
this thesis are listed as follows: 
 
• There are several components needed to create an indirect cooling system.  
Therefore, all critical system components will be identified and a new flexible 
entropy-based design model will be created for those with multiple 
configurations. 
• In order to evaluate the entropy generation in the system, entropy generation 
will be calculated for each component in the system.  This will help determine 
optimal operating conditions, which minimizes power consumption and 
maximizes system efficiency. 
• To evaluate the overall entropy generation in the system, the entropy 
generation for each component is added together.  This thesis will model how 
the total entropy of the system is affected by different operating conditions of 
critical components.  Entropy Generation Minimization for battery thermal 




CHAPTER 2 -  SYSTEM COMPONENTS 
2.1 Introduction 
A passive liquid cooling system is not a common, and no known vehicles incorporate 
it into their BTMS.  A fully operational system requires the following components. 
• Battery Module – Consists of multiple cells which supply power to the 
vehicle. 
• Pump – The pump circulates the fluid throughout the system. 
• Heat Exchanger (Radiator) – Used to remove heat from the cycling fluid. 
• Hoses – Carry fluid throughout the system. 
• Battery Management System (BMS) – Software used to control and monitor 
battery temperature/voltages and overall functionality. 
• Temperature Sensors – Manage the individual battery temperature in the 
module and send information to the BMS in the event of an individual battery 
failure. 
 
In this thesis, only the first four items in the above list will be considered.  When 
the batteries, pump, heat exchanger and lines are connected, the system model is 






Figure 2.1 - Active liquid cooling system 
 
Complete descriptions of each component shown in Figure 2.1 are explained in 
this chapter. 
 
2.2 Battery Module 
The battery module is the main power source of the vehicle, for propulsion and 
accessory power.  The number of batteries and the physical size for the module are 
dependent on the type of battery, required power output, and space available.  For this 
model, the battery design is based on the batteries used by the EcoCAR team, which 
are lithium polymer batteries supplied by Kokam Co., Ltd.  This is pictured in Figure 





Figure 2.2 - Kokam lithium polymer cell (L = 445mm, W = 292mm, H = 16mm) 
 
From Figure 2.2, it can be seen that the batteries are relatively flat (1.6 cm 
thick) with a large heat transfer area.  The theory outlined in this chapter applies to 
any battery type and geometry, even though the model is based on a particular Kokam 
cell.  These cells are used for their high energy output, and low temperature 
displacement under maximum load, due to very low internal resistance.  This thesis is 
based upon a battery module which has a total of 48 cells, 2 stacks of 24 cells, and 
approximates the configuration used for the front battery box on the UOIT EcoCAR.  
In order to have the appropriate cooling fluid flowing through the battery module, 
there will be tubing carrying the fluid which is sandwiched between each battery 
layer.  Figure 2.3 shows how this tubing will be routed on each layer.  Figure 2.4 is an 
example of a sandwiched layer.  In a practical application, the tubing will be attached 




Figure 2.3 - Battery with tubes 
 
Figure 2.4  - Sandwiched cooling loop layer 
 
The tubing is designed to cover the surface area of a cell.  The analysis for the 
tubing length is covered in the next chapter.  All of the heat in this cooling system is 
generated from the battery module, denoted as Q in Figure 2.1.  The Q value is based 
upon the maximum temperature difference between the cell, mass of the cell, and 
specific heat of the cell.  Properties are either given by the manufacturer, or found 
through experiments. To analyze the entropy generation within the module, it is 
modeled as a control volume (CV), shown in Figure 2.5. 
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Figure 2.5 - Battery module as a control volume process 
 
2.3 Throttle 
The throttle represents a combination of all connecting hoses between components.  
There is no heat or work produced in this component.  It is approximately a constant 
enthalpy process [31].  A linear pressure is assumed through the throttle to simplify 




Figure 2.6 - Throttle modeled as a control volume 
 




The pump is a key component for circulating the cooling fluid through the system, 
and power to drive the pump and add pressure to the system.  The size of the pump is 
C.V. 
Battery Module 
infinf PTm ,, ,
•





completely dependent on the required flow rate and pressure.  Once the actual pump 
is selected, mechanical data for the pump needs to be obtained, either directly from 
the manufacturer, or through interpolation of data from the pump characteristic curve 
[31].  The pump data will be discussed in upcoming chapters.  Like the battery 
module and throttle components, the entropy generation will be found for the pump as 
well.  If the pump can operate at ideal conditions while maintaining a low entropy 
generation, this benefits the entire system.  The pump is modeled as a control volume 
process, as shown in Figure 2.7. 
 
 
Figure 2.7 - Pump as a control volume 
 
2.5 Heat Exchanger (Radiator) 
The heat exchanger, also called a radiator in the automotive industry, is the most 
complicated component to design.  The main purpose is to reject heat gained in the 
cooling fluid from the battery module.  Ideally, the heat exchanger should reject the 
same about of heat generated in the battery module, to ensure the system is operating 
properly.   Unlike the previous components which have a single input and output, the 
radiator has two fluids that pass through it.  The first fluid is the hot fluid exiting the 
battery module.  It enters the radiator and passes through multiple cores in the radiator 
made of metal.  As the hot fluid passes through the cores convection and conduction 
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helps to disperse heat in the fluid.  The cores have an extended finned surface to 
increase the heat transfer surface area of the radiator, which helps cool the fluid faster.  
Photos of the radiator modeled in this thesis are shown in Figures 2.8 – 2.10. 
 
Figure 2.8 - Typical radiator cross-section 
 
Figure 2.9 - Radiator header design 
Figure 
 
The fins are normally brazed/solder
brazed/soldered to the header plate.  
air, which flows perpendicular to the 
cores and fins, by means of a fan
travelling to transfer heat away and 
for the radiator, the change in entropy
The control volume model in Figure 2
found for each fluid passing through the radiator.
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2.10 - Radiator fin and tube configuration 
ed to the cores, and the cores are 
The second fluid passing through the radiator
hot fluid flow.  The air passes over the radiator 
 or air entering the grill of the vehicle
to the atmosphere.  To find the entropy generation 
 must be evaluated on the air and fluid side
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CHAPTER 3 -  HEAT TRANSFER ANALYSIS 
3.1 Battery Module Model Development 
In the battery module, a key design component is the length and sizing of the tubing 
between each battery.  The first section of this model outlines the process to find the 
total length of tube required for the battery module.  For this model, the battery is a 
high energy 240Ah Kokam lithium polymer battery, shown in the previous chapter.  
The model can be adapted to any battery with a flat surface area, but the length and 
width of the surface area must be known, where the tubing will be placed, as shown in 
Figure 3.1.  Figure 3.1 also explains key design parameters, in order to solve for the 



























battery length (Lbatt) 
Figure 3.1 - Tubing layout between each battery and design parameters 
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Since the cooling loops are a series of straight and curved sections, the number 
of straight sections can be calculated, therefore leading to the number of curved 
sections.  Certain parameters will be assumed based upon the design, specifically the 
spacing between tubes from wall to wall (Xw-w).  For the battery module in this thesis, 
Xw-w will be 24mm.  This means that the center-to-center tube distance (Xc-c) is given 
by: 
tubewwcc DXX += −−                    (3.1) 
 
Figure 3.2 - Tube spacing parameters 
 
Before calculating the number of straight sections, the battery edge to tube  




Figure 3.3 - Edge of battery to tube wall dimension 
 
Since the overall length of the battery is known, this implies: 
 
)()()2( spacewwtubetubestebatt NXDNaL ×+×+×= −−               (3.2) 
 
Equation (3.2) can be rearranged to solve for Nspace, where Nspace is the number 
of spaces between each straight section of tube, excluding the battery edge to tube 
spacing.  Nspace should be an odd number to ensure that the inlet and outlet of pipe will 
be arranged as shown in Figure 3.1.  The number of straight tubing sections (Ntube) 
can be calculated by rearranging Equation (3.2) or Equation (3.3), because Ntube is 
typically 1 more than the Nspace. 
 
1+= spacetube NN                   (3.3)
 
 
With Ntube found, the number of curved paths (Ncurve) in the cooling loop must 
be calculated. 




Now the total length of tubing on one layer for the battery module can be 
calculated by: 
 
)()(, curvespacestrtubelayertube LNLNL ×+×=                (3.5)
 
 
Where Lcurve is the arc length of a single curved path with respect to the circumference 















C π                   (3.7) 
 
The total length of tubing required for the entire battery module is dependent 
on the length of tubing on each layer and the number of cooling layers (Nlayer) in the 
module. 
 
layertubelayerstotaltube LNL ,, ×=                  (3.8)
 
 
The assumptions made for the cooling fluid and battery module are given as follows. 
• Each cooling layer is connected to a fluid distribution line (manifold) and not 
inter-connected with each other. 
• Each layer of tubing has the same mass flow, therefore a common mass flow 
rate can be applied to the total length of tubing (Ltubing,total). 
• Constant inlet temperature, density, specific heat, and kinematic viscosity is 
applied to the total length of the tube. 
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• The velocity of the fluid through the tubing is assumed based on the manifold 
design. 
• Pressure loss through the curves must be found when calculating the overall 
pressure change in the tubing. 
• Heat loss externally from the overall system is neglected (considered 
adiabatic). 
• Inlet pressure into the battery module is assumed when it is the first 
component designed in the system. 
• The internal surface of the tubing is assumed to be smooth. 
Calculating the pressure drop in the battery module is important to analyze the 





















+=∆                  (3.9) 
Where Vf is the assumed or known velocity of the fluid in the tube, g is gravity and f 
is the frictional factor.  In SI units, g is equal to 9.81 m/s
2
 or 32.3 lbm.ft/s
2
 for English 
units.  Kb is the loss coefficient through a bend.  Depending on the type of bend, the 
corresponding Kb value can be found in a fluid mechanics textbook.  In this thesis, all 
curves undergo a smooth 180
o
 bend.  To calculate Kb, the ratio of the bend radius to 











With the ratio of r/D found, the corresponding value of Kb is found from either 
a graph or table in a fluid mechanics textbook.  For this thesis, each curve is 
comprised of two 90
o
 bends; therefore, for each curve, the Kb value must be doubled.  
If Pin,bm is initially assumed or known from the design of a previous component (outlet 
pressure of the pump, refer to Figure 2.1), then Pout,bm can be found from the 
following equation.   
 
bmoutbminbm PPP ,, −=∆                 (3.11) 
 
The mass flow rate of the fluid can be found from the relation of fluid density, 
cross sectional area, and fluid velocity, shown in the following equation. 
ftubecff VAm ,ρ=
•
                 (3.12) 
The value for the fluid density is found at the inlet temperature of the fluid 
into the battery module.  Ac,tube is the cross-sectional area of the selected tubing, 






π=                  (3.13) 
The frictional factor, f, is found by two methods, either laminar or turbulent 
flow through the tubes. If the flow is laminar, the Reynolds number is less than 3,000 
which yields the following equation for f [34]: 
Re
64
=f    (Laminar flow where 0 Re 3000)< <             (3.14) 
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For turbulent flow through tubes, the Reynolds number is greater than 3,000 
and this yields the following equation for f [34]: 
2)64.1Reln790.0( −−=f  (Fully turbulent flow where 63000 Re 5 10 )< < ×         (3.15) 






                 (3.16)
 
Since the flowing fluid in the battery module will be gaining heat through 
convection from the batteries, the rate of heat transfer, Q, must be known or 
calculated through battery experiments.  Once Q is found, the outlet temperature of 
the fluid from the module can be calculated by rearranging the energy equation. 
TCmQ fpf ∆=
•
,                 (3.17) 
)( ,,, finfoutfpf TTCmQ −=
•










               (3.19)
 
The calculation of the pressure drop and outlet temperature is necessary to find 
the entropy generation of the battery module.  For a control volume of the system at 
steady-state, steady-flow, the rate of entropy generation is determined by: 









S              (3.20) 
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Where T is the ambient temperature, and se and si are the entropy at the exit and inlet, 
respectively.  For internal flow through a channel, the entropy generation of a cross-



















ρ2                (3.21)
 
Applying Equation (3.21) to the entire length of tubing through the battery 


















              (3.22) 
 
With the equations outlined in this section, an entropy analysis can now be 
performed for the battery module.  In this thesis, Table 3.1 outlines the initial 
parameters that will be used in the results chapter.  For the fluid, all properties are 
found at the inlet temperature of the fluid.  The Q value represents what one layer of 
tubing experiences under different battery loads.  The total heat generation within the 
battery is not used because each layer of tubing is assumed to be experiencing the heat 




Table 3.1 - Initial Parameters 
Item Value 
Tubing – Nylon, smooth surface 2 mm internal dia. 
2.3 mm outside dia. 
Tubing Conductivity 0.25 W/mK 
Fluid – 50/50 Ethylene Glycol - 
ae-t 12 mm 
Xw-w 23 mm 
Xc-c 25 mm 
Lstr 260 mm 
Inlet pressure (assumed) 303975 Pa 
Inlet Temperature (assumed) 298 K 
Ambient Temperature (assumed) 305 K 
Velocity 0.5 m/s 
Q (4 scenarios) 3.5 Watts 





3.2 Heat Exchanger (Radiator) 
The majority of automotive radiators are classified as a cross-flow unmixed tube-fin 
heat exchanger, which implies the two fluids flow perpendicular to each other and the 
fluids never have direct contact with each other.  There are 2 types of configurations 
for the tubes (also called cores) in heat exchangers for automotive use, these are 
staggered and inline.  As the names imply, a staggered tube arrangement means the 
tubes are offset from one another, whereas inline tube arrays have perfect rows and 
columns.  The fins, which are classified as an extended surface area, can either be a 
continuous flat fin or waved fins.  Before the analysis can be conducted, the following 
assumptions are made about the heat exchanger. 
 
1. The heat exchanger operates under steady-state conditions, which means that 
the flow rate and temperature at the inlet of the heat exchanger are 




2. The heat exchanger operates under adiabatic conditions, therefore the heat loss 
to the surroundings is negligible.  This includes no heat loss from the header 
tanks and hoses. 
3. The fluid temperature is uniform over each cross section of the heat exchanger 
and classified as unmixed. 
4. The thermal resistance of the tube and fin material is uniform over the entire 
heat exchanger. 
5. Longitudinal conduction is negligible in the tube wall and fluid. 
6. Heat transfer coefficients (individual and overall) are constant and 
independent of time, temperature and position. 
7.  Specific heat values and other fluid properties are assumed constant 
throughout the heat exchanger. 
8. The extended surface efficiency, no, is uniform and constant across the entire 
exchanger. 
9. The velocity and temperature are uniform and constant throughout the 
exchanger. 
10. Inlet temperatures of both fluids are assumed or known. 
 
 
This thesis will investigate the use of an inline tube array with waved fins.  For the 
heat exchanger analysis, variables will be calculated on both fluid sides, with the 
fluids being air and a 50/50 solution of ethylene glycol and water.   The method used 
to analyze the heat exchanger design is the number of heat transfer units method 
(NTU method).  This analysis will allow for the heat exchanger effectiveness (ε) to be 
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found, which is important because with the heat exchanger effectiveness, the outlet 
temperatures of the two fluids can be found, given their inlet conditions.    
 
3.2.1 Heat Exchanger Geometry 
Descriptions of all geometrical parameters are described in this section.  The 
parameters will be used in subsequent sections to complete the analysis.  The 
orientation of the radiator and fluid flow in the vehicle is shown in Figure 3.4. 
 
 
Figure 3.4 - Radiator orientation 
 
Calculating the number of cores in the heat exchanger is based upon the 
physical size of the heat exchanger, and the size of core.  Key parameters for this 

























N =  Number of cores in the heat exchanger [36]            (3.25) 
Where Wrad and Hrad are the width and height of the radiator.  Xt and Xl are the 
spacing of the cores in the transverse and longitudinal directions, respectively.  The 
following parameters are found for the air and fluid sides of the heat exchanger. 
 
Air side  
radradafr LHA =,  Frontal area              (3.26) 
radV
A





=σ  Free flow area to frontal area            (3.28) 
afrairo AA ,, σ=   Minimum free flow area            (3.29) 
Fluid Side  
radradffr HWA =,  Frontal area              (3.30) 
radV
A
































 Minimum free flow area           (3.33) 
 
In both the air and fluid side calculations, A and Vrad represent the total heat 





There are two types of fins that can be used in automotive heat exchangers, which are 
flat continuous fins and waved fins.  Each type of fin has properties which make them 
advantageous in certain scenarios.  An example of waved fins can be used for an 
inline array of cores, because the manufacturability of this setup is relatively simple 
and cost effective.  Waved fins are harder to implement in staggered arrays because it 
is harder to assemble in manufacturing, which explains why flat continuous fins are 
used in staggered arrays.  The benefit of using an inline array of cores is that both 
waved and flat fins can be implemented.  As explained in the previous section, this 
thesis investigates the overall effectiveness of the radiator with waved fins.  A cross-
sectional view of each type of fin is shown in Figure 3.5 [37]. 
 
 
Figure 3.5 - (i) Waved fins and (ii) continuous fins for an inline configuration [37] 
 
For flat continuous fins, the geometry is simplified to a rectangular plate with 
a specified length, width, height and spacing between fins.  To calculate the surface 
area for a continuous fin, the area on each side is found.  The area occupied by the 
cores is subtracted, then multiplied by the number of fins.  For waved fins, the 




Figure 3.6 - Waved Fin geometry with fin pitch and side length 
  
To calculate the surface area for a waved fin, the total length of the waved fins 
on one row needs to be identified.  To calculate the total length on one row, the length 
of an individual fin can be approximated by multiplying the side length by two. 
 
sidefinfin LL ,2 ×=                 (3.34) 
 
The length per fin is then multiplied by the number of fins on one row to 





               (3.35) 
 
To calculate the surface area of one row, it is easier to consider a row of 
waved fins stretched out to create a large rectangle, because the total length per row 
has been found and the width of the fin is known.  Once the surface area for one row 





3.2.3 Heat Transfer Equations 
The following equations are used for the heat transfer analysis of the radiator.  The 
equations are expressed for the air and fluid side [38]. 
 
Air side  




                (3.36)
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Fluid side  
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3.08.0











































=f   (Laminar flow where 0 Re 3000)< <             (3.14) 
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3.2.4 Heat Exchanger Effectiveness 
Heat exchanger effectiveness, ε, is how the thermal performance of a heat exchanger 
is measured.  For any flow arrangement of a heat exchanger, the effectiveness is 
defined as the actual heat transfer rate from the hot fluid to the cold fluid, over the 





                 (3.54) 
 
Before the effectiveness can be solved, the actual heat transfer rate, q, must be 
solved.  The heat transfer rate is equal to: 
 
TUAq ∆=                  (3.55) 
 
where U is the overall heat transfer coefficient, A is the overall heat transfer surface 
area, and ∆T is the change of temperature of the hot fluid entering the heat exchanger 
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to the cold fluid entering the exchanger.  In order to solve q, the overall heat transfer 



























             (3.56) 
 
The above equation can then be used with Equation (3.55) to solve for q.  
However, the effectiveness value must still be solved, and for crossflow heat 















            (3.57) 
 
where NTU is the number of heat transfer units and C
*
 is the heat capacity ratio.  The 
















                 (3.59) 
 
The effectiveness can also be found graphically with a calculated NTU and C
*
 




Figure 3.7  - Effectiveness, ε, as a function of NTU and C* [36] 
   
Based on the effectiveness and heat transfer rate, Equation (3.54) can be 
rearranged to find qmax: 
 
qq ×= εmax                  (3.60) 
 
The maximum heat transfer allows for the calculation of the outlet 


















3.2.5 Heat Exchanger Entropy Generation 
Since the radiator handles two fluids, air and liquid, it is necessary to calculate the 
change of entropy for each fluid.  The change of entropy for the air and liquid are then 
added together to find the total entropy generation for the system.  For the change of 
entropy on the air side, there are losses associated with heat transfer irreversibility and 










                                
                 (3.63) 
where se = s2 and si = s1.  Relating the entropy change to the specific heat and 














              (3.64) 
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Therefore, the overall entropy generation becomes 
gen a fS S S
•
= ∆ + ∆
                (3.69) 
 
In Equation (3.69), ∆Sa will have a positive value while ∆Sf will be negative 
because the air will be rising in temperature while the fluid will be cooling down.  
However, the net sum is positive, in accordance with the Second Law. 
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For the radiator used in this thesis, Table 3.2 summarizes the initial values that 









Table 3.2 - Radiator Initial Parameters 
Item Value 
Length (Lrad) 0.66675m 
Height (Hrad) 0.34925m  
Width (Wrad) 0.03175m 
Core length (Lcore) 0.34925m 
Core width (Wcore) 0.01295m 
Core wall thickness (δ) 3x104m 
Xt 0.0101m 
Xl 0.0171m 
Core material Aluminum 
Fin material Aluminum 
Number of rows 2 
Fin length (Lfin) 0.0163m 
Fin thickness (δfin) 1x10
4m 
Fin pitch (Ptf) 3mm 
Air inlet temperature (Tin,a) 298 K 
Fluid - 50/50 Eth. Gyl. (Tin,f) 323 K 
Air inlet pressure (Pin,a) 101 kPa 
Fluid - 50/50 Eth. Gyl. (Pin,f) 218 kPa 
Mass flow rate – air 1.4 kg/s 




For an ICE, the pump is attached to the engine block and the impeller is connected by 




Figure 3.9 [41] above is a cutaway of a typical belt driven automotive water 
pump.  The pump in Figure 3.9 
investigated in this thesis
form of a pump head vs. flow
pressure the pump is capable of producing
flow rate (Qp) is the maximum amount of fluid displaced within a given time
given in gallons per minute (GPM)
typically supplied by the manufacturer.
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3.8 - Engine pulley system [40] 
 
3.9 - Belt driven water pump [41] 
  
is classified as a centrifugal pump, which is the type 
.  The data is typically supplied by the manufacturer in the 
 rate graph.  Pump head (Hp) refers to the maximum 
, measured in either feet (ft) or psi.






The efficiency of the pump 
This is important because various operating conditions have a direct impact
pump’s durability and life
graph as the head vs. flow rate graph 
Figure 
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 - Relationship of pump head and flow rate [42]
(ηpump) is also normally given by the manufacturer
span [43].  Pump efficiency can be plotted on the same 
as shown in Figure 3.11 [43]. 









Figure 3.11 shows for a given impeller diameter, the efficiency and power 
required to operate the pump under various conditions will change.  Pumps typically 
have an efficiency in the range of 15-90% [43], which is dependent upon the design of 
the pump.  An electronic water pump operates under the same principle as above, 
except instead of a pulley system turning the impeller, it is controlled by a 12 Volt DC 
motor.  Using an electronic water pump offers certain advantages over a belt driven 
pump.  The main advantage is the pump power is not wasted as the engine operates at 
higher speeds, hence electronic pumps have a lower flow rate rating.   
This thesis will investigate the entropy generation in an electronic water pump 
with the equations outlined below.  All units are initially calculated in English units, 
with final values converted to metric.  The pump analyzed in this thesis is the E389A 
EMP Electronic 12V Water Pump, manufactured by Stewart Components.  The pump 
data shown in Figures 3.12 and 3.11 are provided by Stewart Components [44].  
 






Figure 3.13 - E389A current versus flow [44] 
  
The power can be calculated at any point from the pressure vs. flow curve, 







                 (3.72) 
 
where power is found in horsepower (HP), head (Hp) in PSI, and flow (Qp) in GPM.   
The efficiency curve is interpolated from the two graphs provided.  For electric 












where Pwe is the electric power provided by the motor.   Since the graph in Figure 
3.13 is Amps vs. Flow, this means that the electrical power can be calculated at any 
flow rate.  Electrical power in Watts is defined as: 
 
e
Pw Amps Voltage= ×
               (3.74) 
 
For the pump efficiency, the units for the pump power and electrical power 
must be the same.  Horsepower can be converted into Watts using the following 
conversion: 
 
1 HP ≈ 746 Watts 
 
Using the above equations, the following table and efficiency graphs were 
created for the E389A pump. 
 
Table 3.3 - Power and Efficiency of E389A Pump 




(GPM) HP Watts Amps 
Flow 
(GPM) Watts Efficiency 
6 1.2 0.004 3.13 3.45 1.2 41.48 7.55 
6.129 2.4 0.009 6.39 4.09 2.4 49.09 13.03 
6.129 4.2 0.015 11.19 4.43 4.2 53.20 21.04 
6.081 5.9 0.021 15.60 4.88 5.9 58.63 26.62 
5.865 9.2 0.031 23.47 5.70 9.2 68.49 34.27 
5.591 11.7 0.038 28.45 6.29 11.7 75.52 37.68 
5.393 13.2 0.042 30.97 6.79 13.2 81.58 37.96 
5.171 15.3 0.046 34.42 7.22 15.3 86.66 39.71 
4.876 18.5 0.053 39.24 7.60 18.5 91.24 43.01 
4.221 21.8 0.054 40.03 8.13 21.8 97.60 41.01 
3.905 22.9 0.052 38.90 8.48 22.9 101.82 38.21 
3.393 25.6 0.051 37.79 8.66 25.6 104.01 36.33 
3.254 26.1 0.049 36.94 8.74 26.1 104.89 35.22 





          
 
Figure 3.14 - E389A pump efficiency curve 
 
The power and efficiency of the pump are required to calculate the entropy 
generation.  Also, the pressure drop across the pump must be found.  For the pump, 
the pressure drop is the difference between the ideal and real head pressures [31].  The 
pressure drop across the pump for any flow rate is defined as: 
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Since the throttle is a measure of the losses of all connecting lines with no heat 
transfer between them, the entropy generation is defined as the frictional losses 













                (3.78) 
 
Here ∆P would be the losses in the lines from the outlet of the pump to the inlet of the 




CHAPTER 4 -  MODEL VALIDATION 
Validation of the models developed in this thesis will be examined in this chapter, by 
examining the fluid flow in the tubes through the battery module, as well as the heat 
exchanger design, against published values.  This serves to ensure that the model has 
been developed correctly and assumptions reflect the real world. 
 
4.1 Internal Flow 
Since there is fluid flow in the battery module with heat transfer, it is important to 
verify that the model satisfies the proper entropy generation characteristics as outlined 
previously by Bejan [21].  Bejan has shown that there is an optimum value in which 
entropy is generated equally by the losses due to friction and heat transfer.  The model 
by Bejan calculates a minimum Sgen for the fluid based upon the Reynolds number 
(Re), as well as an optimal Re.  The Re is specifically directed towards the shape of 
the conduit.  In this thesis, it is a round tube.  Bejan’s plot is shown in Figure 4.1. 
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Figure 4.1 - Entropy generation rate in a smooth tube 
 
The non-dimensional entropy generation number (Ns) is found by dividing Sgen 
by Sgen,min, as outlined by Bejan (21).  For the entire battery module, 4 different heat 
generation values were considered, 50W, 100W, 300W and 400W.  These values 
represent a range of heat generation values that the battery box may experience 
through various operations.  When heat generation values and tubing dimensions are 
applied to Bejan’s model, Figure 4.2 shows the validation of the predicted results for 











Figure 4.2 - Battery module internal flow verification 
From Figures 4.1 and 4.2, it can be seen that the optimum point occurs when the 
Ns and ReD/ReD,opt values are 1.  Any values greater than 1 on the x-axis mean that the 
Sgen due to frictional losses is higher than the Sgen due to heat transfer losses.  The 
opposite is true for values less than 1 on the x-axis.  Sgen due to heat transfer losses is 
higher than Sgen due to frictional losses. 
 
4.2 Heat Exchanger Operating Conditions 
The heat exchanger model was developed from first principle equations outlined for 
the heat exchanger design.  Heat exchangers can be rated by different parameters, 
such as the effectiveness (ε), number of heat transfer units (NTU), or the heat capacity 
ratio (C).  Past data by Ramesh [36] states that for an automotive radiator, the NTU 















For the heat exchanger model in this thesis, the NTU and ε were verified 
against the pump operating flow rates using 50/50 of water and ethylene glycol.  
Table 4.1 shows the results. 
Table 4.1 - Heat Exchanger Operating Values 
Pump Flowrate (kg/s) Effectiveness NTU 
0.08 0.34 0.42 
0.16 0.34 0.43 
0.29 0.35 0.45 
0.39 0.35 0.46 
0.61 0.36 0.49 
0.78 0.36 0.5 
0.88 0.36 0.52 
1.02 0.36 0.53 
1.23 0.36 0.53 
1.45 0.36 0.57 
1.52 0.36 0.58 
1.70 0.36 0.6 
1.74 0.36 0.6 
2.03 0.37 0.63 
Average 0.36 0.52 
 
From Table 4.1, the average values for the effectiveness and NTU is agree well 
with past data by Ramesh [36]. 
 
4.3 Heat Exchanger Pressure Drops 
Since the heat exchanger cools two fluids which are moving at different flow rates, it 
is important to ensure that both fluids are flowing within reasonable limits.  
Measuring the pressure drop of both fluids is one way to examine the fluid flow, since 
the pressure is dependent on flow channel dimensions, velocity and temperature.  
Oliet et al. [45] conducted a parametric study of an automotive radiator and part of the 
study included the pressure drop of the air and liquid.  Oliet et al. [45] developed a 
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radiator model differently than the one developed in this thesis.  To verify against the 
past data of Oliet et al., the results will be normalized for comparison purposes.  The 
pressure was normalized for Oliet’s data, as well as the data generated in this thesis.  
The radiator dimensions and operation temperatures in the Oliet study were applied to 
the radiator in this thesis, and it produced the following results 
 
Figure 4.3 - Pressure drop across the air side of the radiator 
 
The maximum pressure in each model was divided by each individual pressure 
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Figure 4.4 - Pressure drop across the liquid side of the radiator 
 
Both Figures 4.3 and Figure 4.4 show that the normalized pressure vs. flow 
rates has generated similar results compared to Oliet’s data.  This suggests that the 
heat exchanger model developed in this thesis has been implemented correctly.  
 
4.4 Heat Transfer Analysis between Battery and Tube 
While this thesis has assumed a Q value reflecting various operating conditions, it is 
important to note that in real world applications, the Q value depends on the electrical 
input and the temperature of the cell. The following model aims to show that the Q 















the cell and moving fluid is also reasonable.  All calculations based in this section are 
detailed in the Appendix. 
 
4.4.1 Natural Convection Model 
Examining the model as a flat horizontal plate with a heat source will show the effects 
of natural convection in the air gap between the cells.  Figure 4.5 is an illustration of 






Figure 4.5 - Natural convection model 
 
For a cell operating condition of 80A, with a resistance of 0.43mΩ, the heat generated 
is equal to the heat dissipated. 
P q
•
=                     (4.1) 
2
( )overall sI R h A T T∞= −                  (4.2) 















where L is the distance from the core to the surface and kcell is equal to 1 W/mK.  
Solving for Tcore shows the temperature difference between the core and surface is 
approximately 4.53
o
C.  Looking at the model as a relationship between flat plates 


















=                   (4.4) 
 
where β is the film temperature and δ is the characteristic length.  The Prantl number 






This implies that the effects due to convection are negligible and conduction is 
dominant [46].  
 
4.4.2 Heat Transfer Model 
This section will examine the heat transfer between the cell and fluid inside the tube 
by creating a parallel resistance network.  Figure 4.6 shows a cross sectional view of 












Figure 4.6 - Tube and cell configuration 
 
For the tube placed between two cells, key parameters will need to be calculated, 
including, the percentage of the tube exposed in the air gap, the percentage of the tube 
in contact with the cell, and the heat transfer coefficient (hin). 
 
4.4.3 Conduction Model with Air Gap  
The conduction model and network with an air gap are represented in Figure 4.7 and 




























Figure 4.8 - Resistance network with air gap 
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                        (4.5) 
Solving Equation (4.5) yields a resistance of 3.44 K/W. 
 
4.4.4 Conduction Model 






















Figure 4.10 - Conduction resistance network 
 










=                   (4.6) 
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               (4.7) 
Solving Equation (4.7) yields a resistance of 37.51 K/W. 
 
 
4.4.5 Temperature Difference of Fluid and Cell 
With the resistance values calculated, the temperature difference between the cell and 
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                 (4.9) 
Tinlet T1 T2 Ts 
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Rearranging Equation (4.8) to solve for (Ts-Tinlet), the change in temperature between 
the cell and fluid becomes 13.2
o
C.  Throughout the analysis in this section, the high 
value of the contact resistance (Rc) contributes to the ∆T of the cell and fluid 
temperature.  If the contact resistance is reduced, by increasing the contact force by a 
factor of 10, the change in temperature is reduced to 9.6
o
C.  If the use of thermal paste 
is included between the tube and surface of the cell, the change in temperature is 
further reduced to 7.3
o
C.  This suggests the heat transfer effects between the cell and 







CHAPTER 5 -  RESULTS AND DISCUSSIONS 
5.1 Effects of Frictional Losses 
This section presents the results of the entropy generation in each component, as well 
as the total entropy generated in the system.  To understand why entropy based 
analysis is useful, Figure 5.1 shows how the entropy generation changes due to 
frictional losses.  Figure 5.1 shows the battery module results that incorporate both 
heat transfer and frictional losses.  
 
Figure 5.1 - Comparison of Sgen with and without frictional losses (30W) 
 
In Figure 5.1, the frictional loss in the system adds to the overall entropy 
generation. In this case, there is a 0.6% difference between the two scenarios.  This 





















With frictional losses at 30W
Without frictional losses at 30W
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neglected.   Some of the graphs shown in this chapter will display a non-dimensional 





                     (5.1) 
 
 
5.2 Battery Module Results 
For the battery module, there are operating variables that can be changed in the 
analysis.  One of the design variables analyzed was the diameter of the tubing within 
the battery module, as shown in Figure 5.2. 
 
 





























As explained in previous chapters, the battery module is tested at 4 different 
heat generation values, which are not the overall battery heat generation values, but 
the heat generation associated to each layer of tubing.  The graph in Figure 5.2 shows 
a decreasing non-dimensional entropy generation number (Ns) for a larger tube 
diameter.  The trend is the same for each of the heat generation values.  It shows that a 
larger tube diameter leads to a lower the entropy generation.  The reason for this trend 
is that the decrease in entropy generation is related to both the heat transfer and 
frictional losses in the system. From the Sgen equation, for the battery module outlined 
in previous chapters, it can be seen that when the heat generation (Q) increases, the 
overall entropy generation increases as well.  This is one of the main reasons why 
there is a large difference in values between 3.5W and 30W of heat generation.  For 
the frictional losses, when the tubing diameter increases, the mass flow rate will 
increase, and the change in pressure will decrease.  The pump flow rate was held 
constant for this case, but in actual operation, the change in mass flow rate and 
pressure within the module will change the operating point for the pump.  The 
decrease in pressure is larger than the increase in mass flow rate.  Therefore, the 
effects of the frictional losses become smaller with an increased tube diameter.  The 
other design variable is the inlet temperature entering the battery module, with the 




Figure 5.3 - Entropy generation in relation to the inlet temperature 
The same heat generation values have been used.  In Figure 5.3, it appears 
there is little or no change in the entropy generation regardless, of the inlet 
temperature.  Looking at the entropy generation equation, the only variable that is 
changing is the change of temperature (∆T).  As the inlet temperature increases, the 
ability of the flowing fluid to reject heat generated by the battery is affected.  Placing 
each of the heat generation values on separate graphs shows a different trend than 
result shown in Figure 5.3.  Figures 5.4 to 5.7 are the individual graphs for the 






























Figure 5.4 - Entropy generation in relation to the inlet temperature at 3.5W 
  


















































Figure 5.6 - Entropy generation in relation to the inlet temperature at 15W 
 
 















































From the previous figures, it can be seen that when the inlet temperature 
changes, there is indeed a change in entropy generation, although slight.  As the inlet 
temperature increases, Ns decrease, due to the drop in pressure and mass flow rate 
with increased temperature.  The lower values for pressure and mass flow rate lead to 
a lower value of the frictional entropy generation; however in relative terms these 
effects are unimportant.   
A consideration for HEV and EV design is the climate in which the vehicles 
will operate.  The ambient temperature does have an effect on the entropy generation 
in the battery module.  The entropy generation equation does take into account the 
ambient temperature.  For the results, the inlet temperature of the battery module was 
held at a constant value in each scenario. 
 






























As shown in Figure 5.8, the entropy generation decreases for a higher ambient 
temperature.  Although the ambient temperature cannot be controlled, it is important 
to consider for vehicles in different climate conditions. 
 
5.3 Heat Exchanger Results 
The heat exchanger is integral for keeping the fluid temperature in the battery pack at 
acceptable levels.  There are many types amounts of heat exchanger configurations.  
However, for this thesis, the heat exchanger reflects an average sized automotive 
radiator.  Parameters were modified within the size of the selected radiator.  Figure 
5.9 shows how the number of radiator cores affects the entropy generation. 
 




















40 km/h @ 25C 40 km/h @ 32C
60 km/h @ -10C 60 km/h @ 25C
60 km/h @ 32C 80 km/h @ -10C
80 km/h @ 25C 80 km/h @ 32C
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The conditions in Figure 5.9 are explained below. 
• Three vehicle speeds tested: 
o 40km/h – residential operating speed 
o 60km/h – urban operating speed 
o 80km/h – rural operating speed 
• Three air climate conditions: 
o -10C – winter climate 
o 25C – warm summer climate 
o 32C – hot climate 
The conditions above are solely for the inlet air conditions into the heat 
exchanger (temperature and flow rate).  The fluid conditions were held constant at the 
upper temperature limit of the battery cells, which is 50C as a worst case scenario.  
Varying the number of cores, while keeping the dimensions of the heat exchanger 
unchanged, will change the fin geometry as well.  The model developed in this thesis 
dynamically changes the geometry of the fins, which is important since the heat 
transfer surface area of the heat exchanger is affected when certain geometric 
parameters are changed.   
In Figure 5.9, the trend shows that when entropy generation increases, the 
number of cores is increased.  The variation in temperatures at -10C is greater than 
other operating conditions.  It is the larger temperature difference which affects the 
entropy generation, as shown in the heat exchanger entropy equations.  For the trend 
of increasing entropy, it is based on how the geometry changes with the change of 
cores.  As the number of cores increases, the core mass velocity increases on both the 
air and liquid sides, which has a direct impact on the change in pressure.  The change 
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in pressure on both sides increase.  However, there is a larger increase on the air side 
than the liquid.  When calculating the change in entropy on each side of the heat 
exchanger, the increase in ∆P causes the total change in entropy to increase, which 
therefore causes Sgen to increase as well. 
 
5.4 Pump 
Since the pump is assumed to be adiabatic, the only factor contributing to the entropy 
generation is the frictional losses.  Figure 5.10 shows the results at varying inlet 
temperatures and flow rates. 
 
Figure 5.10 - Entropy generation with varying inlet fluid temperatures 
 
Various pump flow rates were examined in Figure 5.10.  These were selected 
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rate at a peak efficiency, and a few other points in between.  Like the battery module, 
the inlet temperature into the pump was varied and the results show that the entropy 
generation decreases for each flow rate, when the temperature of the fluid increases.  
In the entropy generation equation for the pump, the only contributing factors are the 
mass flow rate, pressure differential, density of the fluid at the given inlet 
temperature, and the inlet temperature.  However, it is the pressure differential which 
contributes most to the trends seen in Figure 5.10.  From Equation (3.76), for the 
pressure differential, it is the power produced by the pump, mass flow rate of the 
fluid, and the efficiency of the pump at the selected flow rate, which affects the 
change in pressure.  As the flow rates increase, the power increases and the efficiency 
will rise and fall as shown in Figure 3.13.  In Equation (3.76), the rising efficiency 
values and higher power values cause the final ∆P to drop when the flow rate 
increases.  As ∆P decreases for a fixed power and efficiency, the flow rate increases.  
The other parameter that can be varied is the mass flow rate of the pump.  Figure 5.11 




Figure 5.11 - Varying pump flow rates at various operating temperatures 
 
The various fluid operating temperatures were chosen to illustrate how the 
entropy generation changed based on temperature.  This graph is different from Fig. 
5.10 because Fig. 5.10 corresponds to entropy generation when the pump is operating 
at a consistent flow rate and varying temperature.  Figure 5.11 shows how the 
variation in flow rate affects entropy generation at different operating temperatures.  
Figure 5.11 shows the resemblance with Figure 3.14, the pump efficiency curve.  The 
contributing factor is again the pressure differential, which drops as the efficiency of 
the pump increases.  When the graph in Figure 5.11 reaches its peak then decreases, 
this is the point where the pump reaches a maximum efficiency, followed by a 
decrease in efficiency.  Regardless of the fluid temperature, the lowest amount of 

























The throttle will represent the hoses/lines connecting the components together.  For 
the results in this section, a constant pressure differential throughout the throttle, with 




Figure 5.12 - Entropy generation in the throttle 
 
The mass flow range is the operating range of the pump and the temperature 
range.  It simulates the highest operating temperature of the batteries (50C) and colder 
fluid temperatures, which the throttle may briefly experience during cold weather 
startup.  Figure 5.12 shows how the entropy generation varies as a function of flow 


























5.6 Total System Entropy Analysis 
All components have been analyzed individually.  The entropy generation of each 
component can now be combined to find the total system entropy generation.  By 
analyzing the entropy generation within the entire system, potential improvements 
within the system can be identified.  Entropy generation for the individual 
components show how thermal and friction irreversibilities lead to reduced energy 
performance of components and the system overall. The conditions and parameters 
leading to the location of the lowest entropy generation have practical significance by 
indicating how various design changes can be made to improve system performance. 
It is important to have the lowest total entropy generation because, this reduces the 
amount of exergy destruction, or loss of available energy in the system, according to 
Equation (1.1).  By minimizing exergy destruction, this leads to lower parasitic 
system losses and more effective heat transfer within the maximizing the amount of 
work being produced by the system.  When calculating the total system entropy 
generation, one component is changed while the other three components are held 
constant.  The battery module is the first component to be changed in this section, 
while the pump, radiator and throttle parameters are held constant.  Figure 5.13 shows 




Figure 5.13 - Total system Sgen with varying battery module inlet temperatures 
 
The diameter of the tubing is 2mm.  The original length of the tubing within 
the battery module was left unchanged.  The pump is operating at a constant flow rate 
of 18.5 GPM, which also yields the maximum efficiency and lowest entropy 
generation in the pump.  The change in pressure within the throttle reflects the 
pressure increase to the system by the pump.  The heat exchanger was unchanged 
from the initial model design, and the air flow rate into the radiator reflects a vehicle 
travelling at 60km/h.   
From Figure 5.13, the total entropy generation of the system increases as the 
inlet temperature of the fluid into the battery module increases.  The reason is due to 
the higher ∆T in the heat transfer process.  However, the heat exchanger is the 


















































Entropy generation by the pump and throttle have little effect on the final value of the 
total system entropy generation.  Figures 5.14 to 5.17 show how the system entropy 
generation changes with varying tube length.  The tube diameter remains at 2mm, 
with the inlet fluid temperature at 50C. 
 
 














































Figure 5.15 - Total system Sgen with varying tube length at 7.5W  
 























































































Figure 5.17 - Total system Sgen with varying tube length at 30W  
 
The pump was held at a constant flow rate of 18.5 GPM, and the heat 
exchanger was not changed from the original model.  The total system entropy 
generation increases as the total tubing length increases, and the heat exchanger is 
again the highest contributor to entropy generation.  Looking at Figure 5.14, the 
lowest entropy generation is 188.64145 W/mK, while the highest value is 188.6415 
W/mK.  That is only an increase of 0.00005 W/mK over a substantial amount of 
tubing.  This trend is continued through Figures 5.15 to 5.17, where the entropy 
generation increase is plotted.  One of the factors that contribute to this trend is that 
the length of tubing does not affect the heat transfer portion of the entropy generation 
equation for the battery module.  The length is only a factor in the frictional losses 
within the battery module.  It was discussed previously that the frictional losses are 













































tube length, the change of frictional losses within the battery module was not enough 
to dramatically alter the total system entropy generation.   
Another variable that was modified within the battery module for the total 
system analysis was the diameter of the tubing.  The operating conditions of the other 
components remain the same as described previously.  With the change in diameter, 
the length of tubing changes in accordance to the diameter.  However, the tube 




Figure 5.18 - Total system Sgen with varying battery module tube diameter 
 
The overall trend in Figure 5.18 is that for each heat generation range, the total 




















































module increases.  The examination of this trend is linked to both the heat transfer and 
frictional losses in the entropy generation equation.  As the diameter increases, it 
reduces the ∆T of the heat transfer, and this creates a lower entropy generation due to 
the heat transfer effects.  For the frictional losses, when the diameter is increased, the 
mass flow rate increases, which creates higher entropy losses due to friction.  
However, the reduced entropy generated on the heat transfer side is less than the 
entropy gained due to frictional losses, therefore creating a lower entropy generation 
for the battery module, when the heat transfer and frictional losses are added together.  
Like the previous figures which showed a minimal increase in entropy generation due 
to tube length, there is a minimal decrease in entropy generation as the diameter 
increases.  
Further results reflect changes made to the heat exchanger.  The first change to 
the heat exchanger will be the number of cores.  It will be the same core values used 
for the individual component analysis.  Figure 5.19 shows the total system entropy 




Figure 5.19 - Total system Sgen with varying radiator cores 
 
Like Figure 5.9, when the number of cores increases, the entropy generated 
increases as well.  It is the increase in the core mass velocity which causes ∆P on both 
sides of the heat exchanger to increase, thus increase the entropy generated.  The 
vehicle was assumed to be travelling at 60km/h.   
Another modification of the system was a varied mass flow rate through the 
heat exchanger.  When the mass flow through the radiator was modified, the mass 
flow rate through the battery module, pump and throttle were changed as well, to 
satisfy conservation of mass.  A specific range of the pump’s flow rate was used.  




















































Figure 5.20 - Total system Sgen with varying mass flow rate 
 
Figure 5.20 shows a substantial drop in entropy generation when the flow rate 
is increased.  The entropy generation for each component with increasing mass flow 
rate needs to be explained, to understand the reduction in total system entropy 
generation.  As the mass flow rate increases, the entropy generation for the battery 
module, pump, and throttle increase.  As explained earlier, it is the heat exchanger 
that contributes most to entropy generation in the entire system, as the increases in 
entropy to the other three components is not as significant.  Within the heat 
exchanger, as the mass flow rate increases, the overall heat transfer coefficient, U, 
increases, which leads to an increase of heat transfer within the radiator.  With the 
increase in U and Q, the air temperature increases as it passes through the heat 
exchanger, removing more heat from the system and the liquid temperature drops 


















































negative ∆Sf that causes a decrease in entropy generation in the heat exchanger, and 




CHAPTER 6 -  CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE RESEARCH 
 
6.1 Conclusions 
In this thesis, a thermal management system was analyzed to improve liquid cooling 
of battery modules in HEVs and EVs.  By reducing the entropy generation, the 
irreversibilities and power needed to overcome frictional losses can be minimized.  
Heat transfer and frictional irreversibilities lead to additional power consumed to 
operate the liquid cooling.  So their combined minimization through entropy 
generation can lead to higher system efficiency.  
 The following main conclusions were obtained from this thesis.     
• A new entropy-based method was developed for an indirect liquid cooled 
battery thermal management system.  The equations allow for a flexible design 
with flat battery cells that are being implemented in the UOIT EcoCAR.  They 
can also be adapted to future production vehicles. 
• A heat exchanger model was developed based on the geometry of an existing 
automotive radiator, and results were verified against published data. 
• An electric automotive water pump was selected, as it can be incorporated 
well into an EV cooling system.  
• A Second Law analysis of system components accounted for the heat transfer 
and frictional losses of the system.  Although frictional losses have not been 
the focus of study in the past, in this thesis it was demonstrated that there exist 
a difference including the frictional losses in the system. 
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• Parameters were tested in each individual component which experienced both 
a decrease and increase in entropy generation when variables were changed.  
The heat exchanger contributed the most entropy generation in the entire 
system, due to the range of temperature changes of the two working fluids. 
• When trying to achieve the lowest possible entropy within a system, it may not 
be possible because the operating condition of lowest entropy generation may 
not be practical.  Thus, the results are used to identify the direction of 
decreasing entropy generation, to which the design is directed. 
• The heat exchanger model allows for a Second Law analysis and provides 
useful insight to the radiator geometry.  Heat exchanger parameters can be 
varied to enhance heat transfer effectiveness by analyzing the entropy 
generation results. 
• The new model developed in this thesis is theoretical, as a liquid cooled 
battery system for automotive purposes is not commonly used.  This model 
can aid in the design process of HEVs and EVs by examining potential 
improvements within the cooling system, thus creating a more efficient 
system.  Liquid cooled BTMS need more development to ensure the best 
systems are built with high quality at reasonable costs. 
 
6.2 Recommendations for Future Research 
Liquid cooled battery management systems are a relatively new technology and 
require more research before they can implemented on production vehicles.  The 
Second Law analysis in this thesis is a starting point for optimizing the cooling 
system’s performance.  Recommendations for future Research are presented below. 
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• While the model in this thesis is theoretical, an experimental working 
prototype should be built to help further validate the theoretical model.  The 
prototype would need to have pressure and temperature sensors at several 
points throughout the system, as well as a programmable battery cycler to 
simulate loads.  
• Analysis of a larger battery module should be conducted, as this thesis only 
examined a single representative cell.  A larger battery system will have cell 
stacks oriented in different directions.  This will involve a more complex 
system of tubing. 
• Allowances must be made for external heat influx, which is often the 
dominant mechanism of heat source. 
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I = 80A 
Cell dimensions: 
L = 445mm 
W = 292mm 
H = 16mm 
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Therefore, the core temperature is 4.5
o
C hotter than the cell surface temperature 
 
 
Using flat horizontal plate with small separation (δ): 
Let the film temperature be 303K. 







/s, Pr = 0.728, k = 0.02588 W/mK, β = 1/T = 1/303  




















































To calculate the fraction of tubing in contact with the cells (both top and bottom 
cells), the distance between cells is taken as 1.05mm.  With an inside tube diameter of 
2mm and wall thickness of 0.3mm, this gives an outside tube diameter of 2.3mm.  
The fraction of tubing in contact with the cells is calculated by the total angle that is 
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1.92 100.00115 0.565(0.13 10 )ln
0.241 0.001






































Solving for the change in temperature between the surface and fluid, 
( )
2.75













− = = 
   
Adding the ∆T between the core and surface and the ∆T between the surface and fluid 
yields an overall change in temperature of 
( ) ( ) 4.53 8.67
( ) 13.2
core S s inlet
core inlet
T T T T
T T K
− + − = +
− =
 
Thus, the contact resistance dominates the overall resistance in the system.  By 
applying 10 times the amount of force, the contact resistance can be lowered, in turn 




Increasing the applied force 
To change the applied force, the pressure in the contact resistance needs to be 
increased.  Assume the mass on the tube is changed from 5kg to 50kg. This represents 









1.92 100.00115 0.565(0.13 10 )ln
0.241 0.001
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( ) ( ) 4.53 5.05
( ) 9.6
core S s inlet
core inlet
T T T T
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If thermal paste is introduced between the surface of the cell and tube, this means that 
the contact resistance becomes a conduction resistance.  If the film thickness is 
assumed to be 70µm and the conductivity of the thermal paste is 4 W/mK, the change 
in overall temperature is outlined below using 50kg of mass. 
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Surface area covered by thermal paste 
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The overall temperature change with thermal paste is equal to 
( )( ) 2.75 0.998 4.53 7.3core inlet
K
T T W K
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